) and the medial ganglionic eminence but are basally expressed in the D3/D4 regions (pretectal Summary region) and zona limitans intrathalamica (zli). Interestingly, Coup-tfI is also highly expressed in the pallium Chicken ovalbumin upstream promotor-transcription (future cortex), the D2 (the future dorsal thalamus), the factor I (COUP-TFI), an orphan member of the nuclear lateral ganglionic eminence, and the tectum, whereas receptor superfamily, is highly expressed in the deCoup-tfII is undetectable in these regions, except for the veloping nervous systems. In the cerebral cortex of rostral tectum. Thus, the Coup-tf expression patterns Coup-tfI mutants, cortical layer IV was absent due to during CNS development suggest that they may be reexcessive cell death, a consequence of the failure of quired for neuronal development and differentiation. 
distinct connections and functions, e.g., layer IV neurons function of COUP-TFI during cortical development in Coup-tfI mutants. Although most Coup-tfI mutants die receive afferent inputs from the thalamus, whereas, layer 8-36 hr after birth, about 1%-2% of mutants survive until V and VI neurons send corticofugal projections to the 3 weeks of age (Qiu et al., 1997). Analysis of the cortical superior colliculus and the thalamus, respectively. laminar structure at low magnification revealed a thinner Thalamic neurons play a critical role in layer IV formacortical plate in coronal sections of P21 Coup-tfI mutants tion by sending thalamocortical projections to innervate as compared with controls ( Figures 1A and 1B) . At high the cortical plate and provide afferent inputs. It has been magnification, the well-formed six layer laminar strucshown that neonatal thalamic lesions in hamsters reture was identified in the control cortex, judging by the sulted in the loss of layer IV in adulthood (Windrem and morphology and density of the cortical neurons ( Figure  Finlay, 1991) . Development of proper thalamocortical 1C). However, the layer of small granular neurons characprojections involves two processes: the guidance of teristic of layer IV was missing in Coup-tfI mutants (Figure axon projections from the thalamus to the appropriate 1D), while layers II/III, V, and VI were relatively normal. cortical regions, followed by innervation of the cortical To further confirm that layer IV is absent in Coup-tfI plate. It has been shown that subplate neurons, which mutants, expression of Ror␤, a layer IV marker (Beckerwere first described by Kostovic and Molliver ( tfI mutants is that fewer layer IV neurons were generated (descending) projections are colocalized in the same from the progenitor cells in the ventricular zone during compartment and are topographically intermingled (Molcorticogenesis. In the mouse, cortical plate neurons are nar and Blakemore, 1995; Molnar et al., 1998a) . In addiborn in an orderly sequence, namely, from the deep to tion, in Reeler mutants, which have defects in neuronal the superficial layers. Layer IV precursor neurons are migration, causing them to have an "outside in" cortical generated from the proliferative ventricular zone around lamination, thalamocortical projections follow the pre-E15-E15.5 to form cortical layer IV in the adult brain plate axon scaffold to the superplate by first passing (Caviness, 1982; Caviness et al., 1995). through the cortical plate (Molnar and Blakemore, 1995;  To study the proliferation of layer IV neurons, we pulse Molnar et al., 1998b). These findings suggest that sublabeled E15.5 embryos and visualized the 5-bromo-2-plate neurons play a guidance role for proper thalamodeoxyuridine-(BrdU-) positive cells in the cortex. Dividcortical projections.
ing progenitor cells at E15.5, which give rise to the layer In this paper, we have investigated the role of COUP-IV neurons, were detected in the upper part of the ven-TFI in CNS development. In mice lacking Coup-tfI, cortitricular zone and the subventricular zone (Figures 2A cal layer IV is absent due to excessive cell death, while and 2B). The number of BrdU-positive cells was comother layers are relatively normal. Thalamocortical proparable in controls and mutants, suggesting that projections in Coup-tfI mutants were substantially reduced.
genitor cell proliferation in the ventricular zone was not In addition, improper differentiation and premature altered in mutants. Although the newly generated death of subplate neurons was also observed in Coupdaughter cells can either be postmitotic cortical neurons tfI mutants. These results demonstrate that COUP-TFI or proliferative progenitor cells, the fraction of quiescent is important for subplate differentiation and that defects and proliferative cells is tightly regulated during corticoin subplate development result in abnormal thalamocorgenesis (Caviness et al., 1995). At E15.5, about 50% tical projections and innervation, ultimately leading to of the daughter cells are postmitotic neurons (layer IV the death of layer IV neurons. neurons). Therefore, even though we cannot distinguish which BrdU-positive cells are layer IV precursors, it is Results likely that layer IV neuron proliferation in Coup-tfI mutants is normal, based on the total proliferation at E15.5.
Cortical Layer IV Is Absent in the Coup-tfI
The apparent normal proliferation of layer IV neurons Mutant Cortex in mutants was also supported by the similar level of Ror␤ The high level of Coup-tfI expression and the differential expression in Coup-tfI mutants and controls until E17.5 expression of Coup-tfI and Coup-tfII in the cortex dur- (Figures 1E and 1F) . These results further substantiate that proliferation of layer IV neurons during early corticogenesis ing corticogenesis (Qiu et al., 1994) led us to study the is not defective in Coup-tfI mutants. Taken together, marked by BrdU incorporation and followed during corticogenesis. Layer IV neurons were labeled in utero at these data demonstrate that the absence of layer IV neurons in Coup-tfI mutants is not likely due to a reduc-E15 ( Figures 2C and 2D Figure 2G) . Since a similar level of proliferation was observed at E15.5, the decreased number of P0 BrdU-positive cells labeled at E15-15.5 must be due to cell death rather than cell fate changes. These results also correlate with the reduced level of Ror␤ in Coup-tfI mutants at P0. Taken together, these data suggest that the absence of layer IV in Coup-tfI mutants is mainly due to excessive layer IV cell death.
Migration of Cortical Plate Neurons Is Normal in Coup-tfI Mutants
Cortical lamination requires that cortical plate neurons migrate across the cerebral wall to their appropriate layers after they are generated from the proliferative ventricular zone. It is possible that altered guidance will cause layer IV neurons to migrate to an inappropriate destination in Coup-tfI mutants. The lack of proper trophic signaling in the altered environment may then lead to the death of layer IV neurons.
We investigated whether altered neuronal migration plays a role in the absence of layer IV in Coup-tfI mutants. Since cortical neuron migration is guided by radial glia through contact (Rakic, 1972 (Rakic, , 1978 To substantiate this hypothesis, thalamocortical axon projections were traced by placing DiI crystals in the ventrobasal thalamus (VB) at E17.5 (Figures 4A-4E ). In controls, the projections were anterogradely traced all the way from the VB to the primary somatosensory cortex. In Coup-tfI mutants, although the projections from the VB to the internal capsule were normal, very few thalamocortical axons were able to grow out of the internal capsule, toward the striatum ( Figure 4D ). Even fewer axons were able to project into the intermediate zone. At higher magnifications, control thalamocortical axons had developed local branches in the subplate, and some even grew into the lower part of the cortical plate at E17.5 ( Figure 4B ). These axons are probably close to the end of the waiting period and just prior to the massive invasion of the cortical plate. However, in Coup-tfI mutants, very few thalamocortical axons ever reached the intermediate zone, and no branches had developed (Figure 4E) . Moreover, even when some axons did turn from the striatum into the intermediate zone, they did not follow the well-organized parallel projection pattern seen in controls. Instead, some axons turned early and crossed with other axons in mutants (arrow in Figure  4E ), as if they lacked proper guidance. This phenomenon was more obvious when axons were migrating out of the internal capsule in Coup-tfI mutants. In controls, thalamocortical axons grew past the internal capsule and directly toward the developing striatum ( Figure 4C ), while in mutants, the vast majority of axons lost their guidance or were stunted after leaving the internal capsule, and some almost turned backward (arrowhead in Figure 4F ) and never projected to their cortical targets. Thus, although projections from the VB to the internal capsule are apparently normal, thalamocortical axons lose their guidance when they grow out of the internal capsule in Coup-tfI mutants.
Similar results were observed when DiI crystals were placed in the VB at P0 (Figures 4G-4L) . Control thalamocortical axons had already innervated the cortical plate and exhibited extensive branching within the cortical plate at P0. Again, in Coup-tfI mutants, very few thalamocortical axons reached their targets, and no innervation had occurred at P0. The misguidance of axons seen in E17.5 mutants was also observed at P0, when upon leaving the internal capsule, the majority of thalamocortical axons lost direction. Even the few axons that were able to reach the appropriate cortical target regions failed to innervate the cortical plate.
To further confirm these results, thalamocortical projections were also retrogradely labeled. Placement of DiI sphere is sectioned at an angle of 45Њ to the coronal plane so that the entire thalamocortical projection can be seen in one 125 m thick section. Figure 5A ). In mutants, this subplate ing also indicates that the subplate scaffold alone is not layer was almost undetectable ( Figure 5B ). Under higher sufficient to guide thalamocortical axon projections. magnification, there were about 3-4 layers of packed Next, we examined whether subplate neurons were large subplate neurons remaining at P0 in controls, while properly differentiated in the absence of COUP-TFI funcin mutants, very few subplate neurons could be identition. Calretinin, a calcium-binding protein, is highly exfied ( Figures 5C and 5D) . Thus, subplate neurons were pressed in subplate neurons in the subplate and Cajalgreatly reduced in Coup-tfI mutants at P0.
Retzius cells in the marginal zone of the developing To explore the mechanism of the early subplate discortex (Fonseca et al., 1995). In controls, the subplate appearance in Coup-tfI mutants, the proliferation of layer can readily be detected by calretinin expression preplate neurons, including subplate neurons, was deat E14.5, E15.5, and E16.5 ( Figures 6E, 6G , and 6I). Howtermined by pulse labeling the highly proliferative venever, no calretinin expression was ever detected in the tricular zone progenitor cells at E11.5. Preplate neuron cortical plate of Coup-tfI mutants at any stages examproliferation was comparable in controls and mutants, ined ( Figures 6F, 6H , and 6J). In contrast, no major differsuggesting that the birth of subplate neurons was likely ences of calretinin expression were observed in the marnormal in Coup-tfI mutants (Figures 5E and 5F ). When ginal zone between controls and mutants (Figures E11.5-labeled subplate neurons were analyzed at P0, 6E-6J). Since the distribution of CSPG and NGFR was BrdU-positive cells could be detected in the subplate normal in Coup-tfI mutants, the lack of calretinin expresof the control cortex ( Figure 5G ) but were almost not sion in subplate neurons suggests that subplate neuron detectable in the mutant cortex ( Figure 5H ). To investidifferentiation is compromised in Coup-tfI mutants. gate when subplate neurons commit premature cell death, we examined the distribution of chondroitin sulfate proteoglycans (CSPG), which are closely associDiscussion ated with the preplate and preplate-derived marginal zone and subplate (Sheppard and Pearlman, 1997), by
In this study, we have shown that in addition to its role in PNS development (Qiu et al., 1997), the orphan nuclear immunostaining. Expression of CSPG was comparable in the subplate from E13.5 to E16.5 in control and mutant receptor COUP-TFI is also required for development of the full complement of cortical layers in the CNS. In mice, indicating the existence of the subplate layer prior particular, cortical layer IV was absent in Coup-tfI mudeath, which results in the absence of layer IV in adult Coup-tfI mutants. tants primarily due to excessive cell death. The failure of thalamocortical afferents to appropriately innervate the cortical plate rather than a direct lack of COUP-TFI Consequences and Mechanisms of the Absence of Layer IV in Adult Coup-tfI Mutants in cortical plate neurons is the cause of the layer IV cell death. Moreover, although subplate neurons sent Peripheral organs sense information (visual, auditory, and somatic sensations) and send inputs to distinct thaprojections toward the thalamus, there was improper subplate neuron differentiation in Coup-tfI mutants. lamic nuclei. Thalamic nuclei then relay this information to the cortex by sending thalamocortical projections to Thus, we propose that defects in the subplate lead to the failure of thalamocortical projections and the lack cortical layer IV. After receiving these afferent inputs, the cortex processes this information, gets perception, of cortical plate innervation. Without the proper afferent inputs from the thalamus, layer IV neurons undergo cell and initiates voluntary motor response. Therefore, any defects in peripheral organ-to-cortex pathways will death (Windrem and Finlay, 1991). Thus, the lack of afferent innervation from the thalamus in Coup-tfI mudamage the ability to sense, see, or hear. Coup-tfI mutants lack not only thalamocortical innervation but also tants may cause the absence of layer IV. Indeed, DiI tracing of thalamocortical axon projections by either layer IV. As expected, cytochrome oxidase staining of the cortex from the few surviving P25 Coup-tfI mutants anterograde or retrograde labeling showed profound defects in Coup-tfI mutants. The vast majority of thalashowed a lack of barrel formation (data not shown). Based on these defects, we can assume that Coupmocortical axons failed to project to their target cortical areas in Coup-tfI mutants. Even the very few thalamotfI mutant mice can neither properly relay peripheral information (at least somatic sensation) to the cortex cortical axons that reached target areas failed to innervate the cortical plate. Thus, cortical plate neurons do nor process this information. In other words, mutant mice will have a profoundly impaired ability to perceive not receive afferent inputs from the thalamus in CouptfI mutants, indicating that COUP-TFI is required for both sense, vision, and hearing. In support of this notion, surviving Coup-tfI mutants indeed exhibit defects in the guidance of thalamocortical axons and the innervation of the cortical plate. Taken due to the loss of COUP-TFI function, cause improper
